The cycling of copper (Cu) and its isotopes in the modern ocean is controlled by the interplay of biology, redox settings, and organic complexation. To help build a robust understanding of Cu cycling in the modern ocean and investigate the potential processes controlling its behavior in the geological past, this study presents Cu abundance and isotope data from modern Peru Margin sediments as well as from a suite of ancient, mostly organic-rich, shales. Analyses of an organic-pyrite fraction extracted from bulk modern sediments suggest that sulphidation is the main control on authigenic Cu enrichments in this setting. This organic-pyrite fraction contains, in most cases, >50% of the bulk Cu reservoir. This is in contrast to ancient samples, for which a hydrogen fluoride (HF)-dissolvable fraction dominates the total Cu reservoir. With <20% of Cu found in the organic-pyrite fraction of most ancient sediments, interpretation of the associated Cu isotope composition is challenging, as primary signatures may be masked by secondary processes. But the Cu isotope composition of the organic-pyrite fraction in ancient sediments hints at the potential importance of a significant Cu(I) reservoir in ancient seawater, perhaps suggesting that the ancient ocean was characterized by different redox conditions and a different Cu isotope composition to that of the modern ocean.
Introduction
The oceanic cycling of metals and their isotopes, and the degree to which the inputs are partitioned into different sedimentary sinks as controlled by biology, redox, and the physical chemistry of seawater, has led to applications in Earth history via records from ancient sediments. [1, 2] . One example of such a system is the transition element copper (Cu), whose isotope composition is universally heavy in seawater and all other surface Earth aqueous fluids [3, 4] -heavier, for example, than the rocks of the upper continental crust. This prominent modern feature appears to result exclusively through its complexation by organic ligands, whose only known source is cyanobacterial cells [5] . It seems likely that this phenomenon may have exerted a long-term control on Cu and its isotopes through a portion of Earth history [3] , with potential utility in understanding the ecological importance of this and other metabolisms. However, the potential of the sedimentary record of Cu and its isotopes is currently not underpinned by a complete and robust understanding of its modern water column cycling, in addition to its behavior in modern and ancient sediments. For example, despite the dominant controls of these organic ligands on the modern Earth, a recent study of changes in the Cu isotope composition of organic-rich shales from across the Great Oxidation Event (GOE) attributes secular changes exclusively to the demise of Banded Iron Formations [6] .
A comprehensive description of the settings targeted in this study and details of the samples analysed is presented in the Supplementary Information. Here only a brief summary is provided.
The modern study focuses on the Peru Margin, as it offers the opportunity to investigate organic-rich sediments deposited at sites with a range of bottom-water oxygen (O 2 ) and pore water sulphide (H 2 S) abundance, thus sampling different sedimentary redox states. Following Böning et al. [37] , the samples are subdivided into three groups based on their location with respect to the oxygen minimum zone (OMZ): (i) upper edge of the OMZ, where dissolved O 2 is <10 µM but may fluctuate to higher values during El Niño years; (ii) lower shelf and upper slope, within the OMZ where O 2 is at or below 5 µM; (iii) lower continental slope, below the OMZ, where O 2 is plentiful. We also present data on 50 samples from 27 formations, ranging in age from Archean to Ordovician/Silurian. These are all organic-rich shales, sampled from lithologies that underwent at most lower greenschist facies metamorphism. The aim in extending the dataset to older samples is to apply what we learn from the analysis of similar modern Peru Margin sediments to the geological record.
All procedural steps described in this study were performed in the clean laboratory facilities at the Institute of Geochemistry and Petrology at ETH Zürich. All containers used were trace metal cleaned Savillex PFA labware products and all acids were either of ultrapure grade or twice distilled before use. The analytical methodology followed here has been described previously [20, [38] [39] [40] . Full details are provided in the Supplementary Information of Ciscato et al. [40] , and a summary is given here.
We present data from two fractions of the sediment, an organic matter-dominated fraction and its HF-digestible counterpart, with the aim of learning more about the location, abundance and isotope composition of Cu within a bulk sample. The approach is the same as that described for Ni in Ciscato et al. [40] and was inspired by Eigenbrode and Freeman [41] , who extracted kerogen from ancient organic-rich samples for the analysis of carbon isotopes. Briefly, ∼1 g of bulk sediment was digested for 24 h at 150 • C in a 3:2 concentrated HF and 7 M HCl mixture, followed by two steps of 24 h refluxing at 150 • C with 7 M HCl, evaporating to dryness between each step. 7 M HCl was then added a final time, again refluxing for 24 h. The resulting supernatant (the HF-dissolvable fraction or HFD), and the residual solid (organic matter and associated pyrite, OPF), were separated by centrifugation. The residual OPF was brought into solution via high-pressure ashing (HPA-S by Anton Paar) in a 10:1 mixture by volume of 13 M HNO 3 and 10 M HCl.
The aim of the above approach was to separate an organic fraction from the bulk as quantitatively as possible. There is, though, the possibility that Cu may be mobilized by the HF-HCl treatment from the OPF. We have investigated this using three subsamples, analysed in duplicate, of a single Peru Margin core-top sample. The three sets of subsamples were subjected to either one, two, or three separate HF digestions after which the three separate resulting HFD fractions were analysed. In addition, the OPFs obtained after one, two, or three HF digestions were ashed and analysed. This test is not definitive, there being no way to assess the purity or isotopic integrity of the two fractions after a single digestion. However, the second and third HF digestions do yield information on the completeness of the first. Further HF treatments also yield information on the extent to which such a treatment extracts material that is potentially from the OPF. In addition, the reproducibility of the OPF isotopic analysis, after one, two, or three digestions, provides some information on the potential for isotope fractionation associated with partial extraction of elements from this fraction by HF digestion. Further details on the setup and results of these tests are provided in the Supplementary Information, and we return to this issue in the light of the new data presented here in Sections 4.1 and 4.2. All the data tables also present bulk chemical and isotope data, calculated simply by adding together the two separated fractions.
Elemental abundances in the separated OPF and HFD fractions were determined with a ThermoScientific Element XR TM inductively-coupled plasma mass spectrometer (ICP-MS) at ETH Zürich. Accuracy and reproducibility were determined by repeat analyses of a commercially available carbonate-enriched shale standard (Green River Shale, SGR-1, United States Geological Survey, USA). For Cu, Al, and P the long-term reproducibility of SGR-1 assessed over the period during which the data here presented were obtained, is ±13%, ±11%, and ±18% (2SD, n = 44), respectively, and the measured concentrations are 97, 99, and 92% of their certified values, respectively.
Subsequently, Cu was isolated and purified from the matrix by a double pass through an anion exchange chromatography column, following the method described by Maréchal et al. [38] then modified for smaller sample volumes and procedural blanks by Archer and Vance [39] . A final oxidation overnight in HNO 3 + H 2 O 2 was performed in order to remove any residual organics prior to isotope analysis. Isotope analyses of the purified Cu cuts were performed on a ThermoFinnigann NeptunePlus multicollector inductively-coupled plasma mass spectrometer (MC-ICPMS) at ETH Zürich, following typical set-up procedures as described in Little et al. [20] . Mass discrimination was corrected for by sample standard bracketing using a 100 ppb solution of the NIST SRM 976 standard and all isotopic compositions are reported relative to this standard.
The long-term reproducibility was determined by repeat analyses of a 100 ppb solution of a secondary pure Cu standard obtained from A. Matthews, Hebrew University, Jerusalem. The secondary standard was run against the NIST SRM 976 and gave δ 65 Cu = 0.12 ± 0.07% (2σ, n = 90) for a period of 21 months during which the data presented in this study were obtained. This laboratory has previously published analyses of rock standards, in replicate, that demonstrate that reproducibility as well as accuracy of Cu isotope analysis of samples with more complex matrices is similar to the reproducibility of the pure secondary standard [36] .
Powdered bulk samples were analyzed for total organic carbon (TOC) using a Vario MICRO Element Analyzer (Analysensysteme GmbH), with an analytical reproducibility of ±0.2%. Prior to analysis the inorganic carbon was removed via fumigation with 12 M HCl for 72 h, followed by 84 h of drying over NaOH pellets at 70 • C in a desiccator. Acetanilide and atropine were used as standards for calibration, and the data were processed using the Vario MICRO software.
Geosciences 2019, 9, 325 5 of 26 The extracted OPFs of Peru Margin samples were analyzed for their TOC and δ 13 C as detailed in Ciscato et al. [40] and the isotope ratios are reported in the conventional notation with respect to the V-PDB (Vienna Pee Dee Belemnite) standard:
Results

Organic Carbon Abundance and Isotope Composition
The TOC contents and carbon isotope composition of the Peru Margin sediments have already been presented and discussed in Ciscato et al. [40] . However, they are tabulated again in Table 1 for easier reference. Overall, the TOC contents vary between 1.6 and 12.4 wt.%. Samples from within the OMZ are the most organic-rich, followed by the samples from the upper edge of the OMZ, with the samples from below the OMZ containing the least organic carbon. In line with previous results from sediments collected in the same area [37, 42] , this likely reflects the greater preservation potential of more oxygen depleted and shallower locations. The δ 13 C of the extracted organic fractions covers a narrow range, between −20.3 and −22.2% , typical of marine-derived organic matter for sediments from the same area [43] .
The TOC contents of the geological record samples vary between 0.1 and 23 wt.% ( Table 2) . Sediments with a range of TOC contents were intentionally chosen, whilst especially targeting those samples with the highest organic carbon contents among those available for each formation. The δ 13 C of the extracted organic fractions ranges between −22.3 and −39.2% , with the lightest values observed for Archean samples. Overall, our data are in agreement with δ 13 C signatures obtained from both bulk TOC and extracted kerogens compiled by Eigenbrode and Freeman [41] . Where a comparison between our data and previously published data on the same samples is possible, we find good agreement to within ±2% . 
Copper Concentrations and Isotope Composition of Modern Organic-Rich Sediments
Copper concentrations and isotope compositions for the bulk (Figure 1a ) and individual OPF and HFD fractions ( Figure 1b ) of Peru Margin samples are presented in Table 1 . Bulk Cu concentrations range between 11 and 66 ppm. The highest abundances are observed in samples from the most anoxic core MC11C, located within the OMZ, with lower values in samples from the more oxic cores MC6A and MC9G, located on the upper edge and below the OMZ, respectively.
Geosciences 2019, 9, x; doi: FOR PEER REVIEW www.mdpi.com/journal/geosciences
Copper concentrations and isotope compositions for the bulk (Figure 1a ) and individual OPF and HFD fractions ( Figure 1b ) of Peru Margin samples are presented in Table 1 . Bulk Cu concentrations range between 11 and 66 ppm. The highest abundances are observed in samples from the most anoxic core MC11C, located within the OMZ, with lower values in samples from the more oxic cores MC6A and MC9G, located on the upper edge and below the OMZ, respectively. Variations in Cu concentrations for the core-tops appear to be de-coupled from oxygen availability and vary in a more random fashion. For all samples >35% of the total Cu is contained in the OPF fraction, and for most of these (29 of 33) >50% of the Cu is in the OPF (Figure 1a ,b; Table 1 ). As with the bulk concentration data, this proportion decreases with increasing bottom water oxygen for the samples from cores MC11C (77-92%), MC6A (35-70%), and MC9G (38-65%). Again, there is a more random variation in the core-tops.
A clear difference in the isotope composition is observable between the two fractions ( Figure 1b ), with 65 Cu ranging from −0.38 to +0.37 in the OPF and from +0.44 to +1.32‰ in the HFD. The 65 Cu of the bulk sample covers a narrower range, of +0.07 to +0.61, mostly between the average values for the UCC and the deep ocean.
Copper Concentrations and Isotope Composition of Ancient Organic-Rich Sediments
Copper concentrations and isotope compositions for the bulk and the individual OPF and HFD fractions of the geological record samples are presented in Table 2 . With the exception of two anomalously enriched samples, all bulk Cu concentrations fall within a range of 1.3 and 155 ppm, with no systematic secular trend. In contrast to the Peru Margin samples, most of the Cu is contained in the HFD fractions (65-99.8% of the bulk). The OPF fractions always contain <35% of the bulk Cu, with the exception of two samples (WS2 and WS4) that have 71% and 86% in the OPF. Absolute concentrations in the HFD fractions range between 0.36 and 131 ppm, with two anomalously enriched samples at 306 and 353 ppm. As the HFD is the main contributor to the bulk Cu abundance, the range of Cu concentrations in this fraction follows nearly the same constant pattern through time Variations in Cu concentrations for the core-tops appear to be de-coupled from oxygen availability and vary in a more random fashion. For all samples >35% of the total Cu is contained in the OPF fraction, and for most of these (29 of 33) >50% of the Cu is in the OPF (Figure 1a ,b; Table 1 ). As with the bulk concentration data, this proportion decreases with increasing bottom water oxygen for the samples from cores MC11C (77-92%), MC6A (35-70%), and MC9G (38-65%). Again, there is a more random variation in the core-tops.
A clear difference in the isotope composition is observable between the two fractions ( Figure 1b ), with δ 65 Cu ranging from −0.38 to +0.37 in the OPF and from +0.44 to +1.32% in the HFD. The δ 65 Cu of the bulk sample covers a narrower range, of +0.07 to +0.61, mostly between the average values for the UCC and the deep ocean.
Copper concentrations and isotope compositions for the bulk and the individual OPF and HFD fractions of the geological record samples are presented in Table 2 . With the exception of two anomalously enriched samples, all bulk Cu concentrations fall within a range of 1.3 and 155 ppm, with no systematic secular trend. In contrast to the Peru Margin samples, most of the Cu is contained in the HFD fractions (65-99.8% of the bulk). The OPF fractions always contain <35% of the bulk Cu, with the exception of two samples (WS2 and WS4) that have 71% and 86% in the OPF. Absolute concentrations in the HFD fractions range between 0.36 and 131 ppm, with two anomalously enriched samples at 306 and 353 ppm. As the HFD is the main contributor to the bulk Cu abundance, the range of Cu concentrations in this fraction follows nearly the same constant pattern through time as that for the bulk samples. Absolute Cu concentrations in the OPF range between 0.01 and 42 ppm, with the highest concentrations observed in samples from the Archean and Paleoproterozoic.
The bulk δ 65 Cu is heavier than or within uncertainty of the UCC average at all times, with an overall range of −0.08 to +1.71% . The OPF and HFD cover a much wider range, between −0.90 and +1.34% for the OPF, and between −0.10 and +1.86% for the HFD (Figure 2 , Table 2 ).
Geosciences 2019, 9, as that for the bulk samples. Absolute Cu concentrations in the OPF range between 0.01 and 42 ppm, with the highest concentrations observed in samples from the Archean and Paleoproterozoic. The bulk 65 Cu is heavier than or within uncertainty of the UCC average at all times, with an overall range of −0.08 to +1.71‰. The OPF and HFD cover a much wider range, between −0.90 and +1.34‰ for the OPF, and between −0.10 and +1.86‰ for the HFD (Figure 2 , Table 2 ). 
Discussion
Tests of the Two-Step Digestion Methodology
The approach adopted here, whereby we separate and analyse the two operationally defined fractions (HFD and OPF), provides more information on the distribution and behavior of Cu and other elements in organic-rich sediments than can be achieved with a traditional bulk digestion. As described and demonstrated in Ciscato et al. [40] , the extraction of organic matter in the OPF is nearly complete and there is virtually no method-induced carbon isotope fractionation. The presence of small amounts of Al in the OPF fraction is almost certainly due to residual fluoride salts [40] , a common feature of HF digestion of silicates [44] that should not affect the distribution of Cu among the different fractions. The OPF fraction is also known to contain very small sulphide grains that are intimately associated with the organic matter in the OPF, but scanning electron microscope (SEM) observations demonstrate that these survive the HF treatment [40] . The digestion tests conducted here (see details in Section 3 and in Supplementary Information) suggest that mobilization of Cu from such grains, or from the organic matter of the OPF, by the HF digestion is minimal. At this stage we cannot confirm whether Cu is mobilized from other larger grains that are not intimately associated with organic matter. Specific observations from the digestion tests include:
(1) the amount of Cu dissolved after a sample is subjected to a second and third HF digestion is analytically identical to that obtained after a single digestion; (2) the 65 Cu of the OPF fractions, whether the sample is subjected to one, two, or three HF treatments before the OPF residue is ashed and analysed, are within analytical uncertainty of each other; (3) nearly all the Cu in the HFD fraction is recovered by the first digestion, with an additional 16-22% added by a second treatment and ∼14% by a third treatment; (4) because most of the Cu is located in the OPF, these latter amounts correspond to <5% of the bulk Cu; (5) the 65 Cu of the HFD extracted by the first digestion is 0.10‰-0.17‰ heavier than that of the second treatment, with the HFD of the third treatment being about 
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Tests of the Two-Step Digestion Methodology
The approach adopted here, whereby we separate and analyse the two operationally defined fractions (HFD and OPF), provides more information on the distribution and behavior of Cu and other elements in organic-rich sediments than can be achieved with a traditional bulk digestion. As described and demonstrated in Ciscato et al. [40] , the extraction of organic matter in the OPF is nearly complete and there is virtually no method-induced carbon isotope fractionation. The presence of small amounts of Al in the OPF fraction is almost certainly due to residual fluoride salts [40] , a common feature of HF digestion of silicates [44] that should not affect the distribution of Cu among the different fractions. The OPF fraction is also known to contain very small sulphide grains that are intimately associated with the organic matter in the OPF, but scanning electron microscope (SEM) observations demonstrate that these survive the HF treatment [40] . The digestion tests conducted here (see details in Section 3 and in Supplementary Information) suggest that mobilization of Cu from such grains, or from the organic matter of the OPF, by the HF digestion is minimal. At this stage we cannot confirm whether Cu is mobilized from other larger grains that are not intimately associated with organic matter. Specific observations from the digestion tests include: (1) the amount of Cu dissolved after a sample is subjected to a second and third HF digestion is analytically identical to that obtained after a single digestion; (2) the δ 65 Cu of the OPF fractions, whether the sample is subjected to one, two, or three HF treatments before the OPF residue is ashed and analysed, are within analytical uncertainty of each other; (3) nearly all the Cu in the HFD fraction is recovered by the first digestion, with an additional 16-22% added by a second treatment and ∼14% by a third treatment; (4) because most of the Cu is located in the OPF, these latter amounts correspond to <5% of the bulk Cu; (5) the δ 65 Cu of the HFD extracted by the first digestion is 0.10% -0.17% heavier than that of the second treatment, with the HFD of the third treatment being about 0.5% lighter than that extracted by the first treatment. These tests suggest that the HF treatment does not extract significant amounts of Cu from the OPF, and that the isotope composition of the Cu in the residual OPF is not significantly affected by the HF treatment used to isolate the OPF residue. Though the small amounts of Cu obtained via a second and third HF digestion are significant in terms of the size of the HF-digestible fraction, they are small relative to the size of the OPF reservoir. These tests clearly demonstrate that the method adopted here does not achieve a perfect separation between the two targeted fractions. But it is also clear that it is adequate for our purposes. Most significantly, it seems clear that the Cu isotope composition of the OPF is not affected by the HF treatment.
The Source of Cu in Peru Margin Organic-Rich Sediments
Böning et al. [45] and Ciscato et al. [40] previously reported a strong correlation between Ni abundance and TOC content in sediments from the Peru Margin, often with a near-zero intercept. Though both studies conclude that the Ni inventory of these sediments seems to be dominated by delivery from the photic zone to the sediment in association with organic matter, Ciscato et al. [40] highlighted the problem that Ni/TOC ratios implied by the correlations are much higher than those measured in phytoplankton cells. Ciscato et al. [40] note that this problem also applies to the organic-pyrite fraction of these sediments, which they also investigated for Ni, though for this latter fraction the Ni/TOC ratios are closer to those of photic zone organic matter. These authors put forward the hypothesis that Ni enrichment relative to carbon in the OPF of Peru Margin sediments may be due to preferential remineralisation of carbon, while the equivalent cellular Ni is retained. This idea is consistent with the finding that Ni/C ratios are elevated, to levels close to those seen in the OPF, in particulates collected in situ from sub-surface oxygen deficient zones (ODZ) along the Peru Margin [46] . It is also consistent with recent observational and modelling studies that stress the potential importance of metal sequestration into sulphide generated during the passage of organic matter through sub-surface low oxygen environments [47] [48] [49] . Here we observe a similar relationship between Cu and TOC in the bulk samples as well as in the OPF (Figure 3a,b) . The Cu-TOC relationship observed for the bulk samples ( Figure 3a ) could either be described as a positive linear correlation with samples from the most oxic core MC9G lying on a different line, or the relationship may be curved and convex-up. If the former is the case, then the main correlation has a positive intercept, implying significant Cu in these sediments that is not associated with organic matter. This latter feature stands in contrast to Ni, and makes the consideration of the copper inventory of the bulk sediment more complicated. Another contrast with Ni lies in the fact that most of the Cu in these sediments is in the OPF, which is the opposite of Ni, where this proportion was generally only 5-25%.
Ciscato et al. [40] compared Ni/P and Ni/C ratios measured in the OPF fraction to those for plankton cells collected in the photic zone, specifically for the diatom cells that dominate the Peru Margin upwelling region [50, 51] . Unfortunately, no such data exists for Cu in natural diatoms. Twining and Baines [8] report Cu/P ratios for bulk particles in coastal and open ocean sites and find them to be 0.18-2.1 mmol/mol, with extra-Southern Ocean diatoms represented by a single datum at 0.18 mmol/mol. In addition, Twining and Baines [8] note that some of the higher values for these bulk samples are contaminated by lithogenic material. Ho et al. [52] report values of 0.18-0.28 mmol/mol for cultured diatoms. These ratios provide a useful starting point in the interpretation of the OPF data presented here. The Cu:TOC and Cu:P relationships illustrated in Figure 3b ,c are similar to those for the bulk Cu:TOC data, but do appear to be better described by a convex upward trend that comes close to passing through the origin. The Cu:P relationship suggests Cu/P ratios of 0.1-1.8 g/g equivalent to 50-900 mmol/mol. Though these Cu/P ratios are far in excess of the cellular quotas given above, C/P ratios for these samples are also much higher than Redfield ratios (up to 7800 mol/mol), consistent with the preferential remineralization of phosphorus relative to that of carbon that is well-known to occur in organic-rich sediments [53, 54] . This complicates the interpretation of sedimentary metal/P ratios and we instead focus here on Cu/TOC. Apparent diatom Cu/P ratios of 0.2-0.3 mmol/mol (see above) correspond to Cu/C ratios of 2-3 µmol/mol for Redfield C/P ratios. The Cu/TOC ratios implied by the Cu-TOC relationship for the OPF vary from 2.5 to 12 × 10 −4 g/g, equivalent to 5-22 µmol/mol.
The positions of the different cores along the curve are probably significant. Thus, core MC9G (most oxic) is on the steep lower part of the curve and these samples have highest Cu/TOC ratios. Samples from the most reducing setting, core MC11C, on the other hand, are on the more gently-sloping upper part of the curve, having lower Cu/TOC ratios.
Thus, and as found by Ciscato et al. [40] for Ni, Cu/TOC ratios in the OPF of Peru Margin sediments are in excess of those that can be explained by intra-cellular quotas alone. Further, the amount of excess Cu depends on the redox setting, with more oxidising settings being associated with the highest Cu/TOC. One potentially significant difference between Ni and Cu is the much greater tendency for Cu to be scavenged to particulate surfaces (e.g., [9] ), so that the Cu/C ratios in particles exported from the photic zone could potentially be much greater than intra-cellular ratios. Though this process may be relevant to some degree, it is not obvious why such scavenging would be so much more intense in the photic zone above oxic settings, leading to factor 5 higher Cu/TOC in sediments beneath these oxic as opposed to reducing settings (Figure 3b ). Rather, it seems most likely that the main control on variable Cu/TOC ratios in the OPF occurs via regenerative modification of the organic material during its passage to the sediments, in response to variable redox control.
This suggestion, that the relationship between Cu and organic carbon content in the OPF is controlled by uptake in the photic zone and the subsequent modification of the Cu/TOC ratio during transfer to sediment, is similar to the hypothesis of Ciscato et al. [40] for Ni, outlined earlier. These authors attributed excess nickel in the OPF (relative to Ni/TOC ratios in the photic zone cells) to loss of carbon to regeneration from settling organic matter, while Ni from the same organic material is sequestered to sulphide and retained. Copper is highly reactive towards sulphide, and in anoxic sediments more than 60% of the Cu that is not bound to silicates can co-precipitate with pyrite at the sediment-water interface [55] . Thus, it seems likely that a similar mechanism can be invoked to explain excess Cu over TOC here. In the context of this explanation, the highest Cu/TOC ratios, found in the core from the most oxic bottom water, would be rationalised in terms of greater loss of carbon over Cu relative to more reducing settings. Again as noted earlier, Ohnemus et al. [46] found high metal/TOC ratios in particulates from sub-surface oxygen deficient zones on the Peru Margin, including Cu/P ratios consistent with Cu/TOC ratios in Figure 3b . Although the original paper in which these data are presented interpreted them in terms of anomalous cellular metal/P ratios in prokaryotic organisms, an interpretation in terms of "normal" eukaryotic uptake ratios to carbon in the photic zone followed by preferential retention of metal over carbon during regeneration is perhaps more likely.
We return to the details of Cu isotopes in the OPF in Section 4.3. To summarize the discussion up to this point, the processes controlling the OPF Cu isotopes are likely to be: (a) uptake in the photic zone; (b) transfer of Cu to sulphide on the way down the water column while carbon is lost; (c) possible transfer of Cu from other authigenic components of the sediment, and perhaps Cu from seawater during passage from the photic zone to the sediment, into sulphide. We return to the details of Cu isotopes in the OPF in Section 4.3. To summarize the discussion up to this point, the processes controlling the OPF Cu isotopes are likely to be: (a) uptake in the photic zone; (b) transfer of Cu to sulphide on the way down the water column while carbon is lost; (c) possible transfer of Cu from other authigenic components of the sediment, and perhaps Cu from seawater during passage from the photic zone to the sediment, into sulphide.
The Control of Sulphidation on Cu Isotopes in Peru Margin Sediments
Ciscato et al. [40] use relationships between patterns of Ni abundance and isotope composition in the OPF, as well as between Ni and carbon isotopes, to suggest that the OPF extracted using the same approach as employed here must remain a pseudo-closed system for Ni from the photic zone to the sediment, with loss of carbon to regeneration while Ni is retained through sequestration to small sulphide grains intimately associated with residual organic carbon. Whether this suggestion also applies to Cu as well is important because, in the context of the hypothesis presented in the previous section, it determines the degree to which the OPF reflects the isotope composition of Cu taken up in the photic zone. Recently, Bianchi et al. [49] modelled the dynamics of sulphide formation within particles sinking through the water column, and suggest that such sulphides would scavenge metal from the water column in addition to sequestering metal from the regenerating organic matter itself. Given the greater affinity of Cu for particle surfaces in general, 
Ciscato et al. [40] use relationships between patterns of Ni abundance and isotope composition in the OPF, as well as between Ni and carbon isotopes, to suggest that the OPF extracted using the same approach as employed here must remain a pseudo-closed system for Ni from the photic zone to the sediment, with loss of carbon to regeneration while Ni is retained through sequestration to small sulphide grains intimately associated with residual organic carbon. Whether this suggestion also applies to Cu as well is important because, in the context of the hypothesis presented in the previous section, it determines the degree to which the OPF reflects the isotope composition of Cu taken up in the photic zone. Recently, Bianchi et al. [49] modelled the dynamics of sulphide formation within particles sinking through the water column, and suggest that such sulphides would scavenge metal from the water column in addition to sequestering metal from the regenerating organic matter itself. Given the greater affinity of Cu for particle surfaces in general, and the greater reactivity towards sulphide in particular, such a process may be much more important for Cu than for Ni, implying that the OPF is significantly modified in its passage through the water column and into the sediment. This potential for modification of the Cu isotope composition of the OPF is further enhanced by the very large isotope fractionations between sulphide bound Cu and other forms [24, 56, 57] . In this section we explore this issue using the isotope data from the OPF in sediments from the Peru Margin. Figure 4 shows the relationship between Cu abundance and δ 65 Cu of the OPF for all Peru Margin sediments. With the exception of samples from the most oxic core MC9G, most samples lie on an array consistent with removal from a homogeneous reservoir in a closed system (Rayleigh distillation), with preferential removal of the heavy isotope and an apparent fractionation factor of 1.0007. The evolution of the OPF towards lighter Cu could be seen as tracking the reservoir, moving to lower Cu concentrations and lighter isotopes, as heavy Cu is removed. In principle, the reservoir from which the Cu is removed might be seawater. Such a hypothesis is similar to the process invoked by Ciscato et al. [40] for Ni, though with a fractionation into organic matter in the opposite direction. The removal of Cu from the photic zone could be associated with this sign of fractionation if it were controlled by scavenging and sorption rather than by biological uptake.
Margin sediments. With the exception of samples from the most oxic core MC9G, most samples lie on an array consistent with removal from a homogeneous reservoir in a closed system (Rayleigh distillation), with preferential removal of the heavy isotope and an apparent fractionation factor of 1.0007. The evolution of the OPF towards lighter Cu could be seen as tracking the reservoir, moving to lower Cu concentrations and lighter isotopes, as heavy Cu is removed. In principle, the reservoir from which the Cu is removed might be seawater. Such a hypothesis is similar to the process invoked by Ciscato et al. [40] for Ni, though with a fractionation into organic matter in the opposite direction. The removal of Cu from the photic zone could be associated with this sign of fractionation if it were controlled by scavenging and sorption rather than by biological uptake.
However, such a hypothesis would require a seawater reservoir with a starting Cu isotope composition of −0.3‰, while subsequent removal of heavy Cu would drive it even lighter; e.g., the lightest OPF (about −0.4‰) would require a reservoir that is −1.1‰ at this point. Importantly, the correlation between Ni concentrations and isotope compositions of the OPFs reported by Ciscato et al. [40] is consistent with observed Ni seawater compositions. For Cu it is not: seawater Cu that is this light has never been measured [3, 33] . Furthermore, the relationships between Cu isotopes and those of carbon are not systematic as they are for Ni [40] . Therefore, the controls on Cu delivery from the photic zone to the sediment and the associated isotope fractionations cannot be explained by the same processes used to describe Ni systematics, and point towards a more complex scenario. Most samples fall on an array described by a process potentially involving closed system uptake with a fractionation factor of 1.0007. Note that samples from the most oxic core MC9G are the most removed from this array. Figure 5 compares the 65 Cu of the OPF andthat of the authigenic bulk sample (see Section 4.4 for details on the calculation of bulk authigenic compositions) as a function of the proportion of bulk Cufound in the OPF. These data are consistent witha more complex scenario for Cu than for Ni, as follows: (1) an initial bulk authigenic reservoir (acquired in the water column) that is similar to seawater 65 Cu [33] ; (2) variable degrees of sulphidation of this reservoir, and transfer to the OPF, in either the water column or the sediment or both; (3) near complete transfer to the OPF for the more anoxic core (e.g., MC11C), leading to higher percentages of Cu in the OPF and, because of near-quantitative transfer, an OPF isotope composition that is identical, within uncertainty, to the However, such a hypothesis would require a seawater reservoir with a starting Cu isotope composition of −0.3% , while subsequent removal of heavy Cu would drive it even lighter; e.g., the lightest OPF (about −0.4% ) would require a reservoir that is −1.1% at this point. Importantly, the correlation between Ni concentrations and isotope compositions of the OPFs reported by Ciscato et al. [40] is consistent with observed Ni seawater compositions. For Cu it is not: seawater Cu that is this light has never been measured [3, 33] . Furthermore, the relationships between Cu isotopes and those of carbon are not systematic as they are for Ni [40] . Therefore, the controls on Cu delivery from the photic zone to the sediment and the associated isotope fractionations cannot be explained by the same processes used to describe Ni systematics, and point towards a more complex scenario. Figure 5 compares the δ 65 Cu of the OPF and that of the authigenic bulk sample (see Section 4.4 for details on the calculation of bulk authigenic compositions) as a function of the proportion of bulk Cu found in the OPF. These data are consistent with a more complex scenario for Cu than for Ni, as follows:
(1) an initial bulk authigenic reservoir (acquired in the water column) that is similar to seawater δ 65 Cu [33] ; (2) variable degrees of sulphidation of this reservoir, and transfer to the OPF, in either the water column or the sediment or both; (3) near complete transfer to the OPF for the more anoxic core (e.g., MC11C), leading to higher percentages of Cu in the OPF and, because of near-quantitative transfer, an OPF isotope composition that is identical, within uncertainty, to the bulk authigenic value; (4) less complete transfer of Cu to the OPF for the more oxic cores, leading to a lighter OPF because of the large fractionation into sulphide [4, 24, 56, 57] and non-quantitative transfer. This set of processes is shown schematically via the lighter grey arrow on Figure 5 . bulk authigenic value; (4) less complete transfer of Cu to the OPF for the more oxic cores, leading to a lighter OPF because of the largefractionation into sulphide [4, 24, 56, 57] and non-quantitative transfer. This set of processes is shown schematically via the lighter grey arrow on Figure 5 . The blue band indicates the current best estimate of the Cu isotope composition of the modern deep ocean (>800 m depth; +0.66 ± 0.08‰; [4] ) whereas the grey band indicates that for the upper continental crust (UCC; [4] ). The light grey arrow highlights the increasing difference between the 65 Cu of the OPF and that of the bulk sample as the proportion of Cu in the OPF decreases, both hypothesized to result from non-quantitative transfer of Cu to sulphide in the OPF in more oxic settings whereas this transfer is more complete for the more anoxic setting. The dark grey arrow highlights the possible addition of light Cu to the more anoxic samples, perhaps due to sequestration of Cu directly from seawater into sulphide.
An important question that arises at this point concerns the extent to which the bulk authigenic Cu pool is closed as the above scenario plays out. Or is there additional Cu scavenged on the way through the water column and into the sediment, and also added to the OPF? If the variable proportion of bulk Cu in the OPF were simply due to different partitioning of a single authigenic source of Cu from the photic zone, between the HFD and the OPF, then the 65 Cu of the bulk should not vary. The bulk authigenic 65 Cu in Figure 5 , however, suggests that there may be addition of light Cu to the bulk authigenic reservoir. For example, samples at the right-hand side of Figure 5 do appear to show lighter bulk Cu isotopes (dark grey arrow on Figure 5 ) as the proportion of bulk Cu in the OPF increases. This is potentially important because it might suggest the addition of light Cu to the bulk authigenic reservoir in more anoxic settings, for the same samples where the authigenic Cu is near-quantitatively transferred to the OPF. If correct, and given again that sulphidized Cu would be isotopically light [4, 24, 56, 57] , such a hypothesis would support recent studies [49] that invoke sequestration of water column metals into organic-associated sulphide during transfer to sediment. The data in Figure 5 would suggest that such a process is minor, however. The shift towards lighter Cu isotope compositions across Figure 5 , of about 0.2‰-0.3‰, would imply about 10% addition of Cu with a 65 Cu of about −2.4‰, consistent with that from sulphidation (measured ∆ = 3.06‰; [24] ) of deep seawater (+0.66‰). On the other hand, if Cu were scavenged from seawater without fractionation and only transferred to sulphide later, the data on Figure 5 would permit greater scavenging during passage through the water column.
In theory, the above hypotheses would predict higher authigenic Cu contents in the samples that have acquired light Cu from the water column. This is a difficult prediction to test, however, because the highest productivity also occurs above the most anoxic core location, also impacting amounts of bulk authigenic Cu. Another potential test involves the degree to which the proportion The blue band indicates the current best estimate of the Cu isotope composition of the modern deep ocean (>800 m depth; +0.66 ± 0.08% ; [4] ) whereas the grey band indicates that for the upper continental crust (UCC; [4] ). The light grey arrow highlights the increasing difference between the δ 65 Cu of the OPF and that of the bulk sample as the proportion of Cu in the OPF decreases, both hypothesized to result from non-quantitative transfer of Cu to sulphide in the OPF in more oxic settings whereas this transfer is more complete for the more anoxic setting. The dark grey arrow highlights the possible addition of light Cu to the more anoxic samples, perhaps due to sequestration of Cu directly from seawater into sulphide.
An important question that arises at this point concerns the extent to which the bulk authigenic Cu pool is closed as the above scenario plays out. Or is there additional Cu scavenged on the way through the water column and into the sediment, and also added to the OPF? If the variable proportion of bulk Cu in the OPF were simply due to different partitioning of a single authigenic source of Cu from the photic zone, between the HFD and the OPF, then the δ 65 Cu of the bulk should not vary. The bulk authigenic δ 65 Cu in Figure 5 , however, suggests that there may be addition of light Cu to the bulk authigenic reservoir. For example, samples at the right-hand side of Figure 5 do appear to show lighter bulk Cu isotopes (dark grey arrow on Figure 5 ) as the proportion of bulk Cu in the OPF increases. This is potentially important because it might suggest the addition of light Cu to the bulk authigenic reservoir in more anoxic settings, for the same samples where the authigenic Cu is near-quantitatively transferred to the OPF. If correct, and given again that sulphidized Cu would be isotopically light [4, 24, 56, 57] , such a hypothesis would support recent studies [49] that invoke sequestration of water column metals into organic-associated sulphide during transfer to sediment. The data in Figure 5 would suggest that such a process is minor, however. The shift towards lighter Cu isotope compositions across Figure 5 , of about 0.2% -0.3% , would imply about 10% addition of Cu with a δ 65 Cu of about −2.4% , consistent with that from sulphidation (measured ∆ = 3.06% ; [24] ) of deep seawater (+0.66% ). On the other hand, if Cu were scavenged from seawater without fractionation and only transferred to sulphide later, the data on Figure 5 would permit greater scavenging during passage through the water column.
In theory, the above hypotheses would predict higher authigenic Cu contents in the samples that have acquired light Cu from the water column. This is a difficult prediction to test, however, because the highest productivity also occurs above the most anoxic core location, also impacting amounts of bulk authigenic Cu. Another potential test involves the degree to which the proportion of Cu in the OPF is controlled by changes in the absolute concentration in the OPF only-which one might expect if there was addition by sulphidation of seawater-or whether the variability in this proportion is also driven by changes in absolute contents of Cu in the HFD fraction. Higher absolute abundances of Cu in the OPF are associated with higher proportions of the bulk Cu found in the OPF (Figure 6a) . Thus, the proportion of Cu in the OPF is certainly driven, to some degree, by increasing absolute amounts of Cu in the OPF. On the other hand, there is also a good negative relationship between the absolute amount of authigenic Cu in the HFD and the proportion of bulk Cu in the OPF for cores MC6A and MC11C (Figure 6b ), suggesting that the proportion of Cu in the OPF is driven by variability there too.
Geosciences 2019, 9, of Cu in the OPF is controlled by changes in the absolute concentration in the OPF only-which one might expect if there was addition by sulphidation of seawater-or whether the variability in this proportion is also driven by changes in absolute contents of Cu in the HFD fraction. Higher absolute abundances of Cu in the OPF are associated with higher proportions of the bulk Cu found in the OPF (Figure 6a ). Thus, the proportion of Cu in the OPF is certainly driven, to some degree, by increasing absolute amounts of Cu in the OPF. On the other hand, there is also a good negative relationship between the absolute amount of authigenic Cu in the HFD and the proportion of bulk Cu in the OPF for cores MC6A and MC11C (Figure 6b ), suggesting that the proportion of Cu in the OPF is driven by variability there too. Figure 6 . The proportion of Cu in the OPF as a function of Cu abundance in the OPF (a) and authigenic Cu in the HFD (b). Note that core-top samples from below the OMZ are not shown in (b) as they have no authigenic Cu. Authigenic Cu amounts in the HFD were corrected for detrital Cu using the measured bulk Al content and a Cu/Al ratio of 1.8 × 10 −4 g/g [58] . Note that the fit (with r 2 = 0.87) is only for the anoxic down-core samples, and does not include the samples from the most oxic core MC9G.
Detrital Correction and Authigenic Cu in Peru Margin and Ancient Sediments
A further similarity between Cu and Ni is that both metals exhibit substantial authigenic contributions to bulk concentrations in sediments of the Peru Margin, as already highlighted by Böning et al. [58] . In particular, these authors emphasize the need for an appropriate detrital correction in order to adequately estimate the authigenic portion of these metals. The traditional approach, and that adopted here, is to use Al concentrations to track detrital input, as this metal is abundant in silicate minerals but present at low concentrations in seawater [59] . Thus:
Traditionally, a value of average shale or UCC is taken for the Cu/Al detrital ratio. However, Böning et al. [58] found that this overestimates detrital contributions to the Cu and Ni inventories of upwelling margin sediment, and proposed an alternative approach. On a Cu/Al vs. TOC plot the y-intercept of the linear correlation between these two parameters should indicate the local and more appropriate detrital background, provided that the correlation is good (see Figure 3d for the samples discussed here; [58] ). Böning et al. [58] found a value of detrital Cu/Al = 1.8 × 10 −4 g/g for sediments from the Peru Margin. Given the much greater data and spatial coverage than available here, we use this value of 1.8 × 10 −4 g/g. The detrital correction will also affect the 65 Cu of the sample, given that the detrital input will contribute a detrital isotope signature to the bulk composition of the sediment. The associated authigenic isotope composition is then obtained from: . Note that core-top samples from below the OMZ are not shown in (b) as they have no authigenic Cu. Authigenic Cu amounts in the HFD were corrected for detrital Cu using the measured bulk Al content and a Cu/Al ratio of 1.8 × 10 −4 g/g [58] . Note that the fit (with r 2 = 0.87) is only for the anoxic down-core samples, and does not include the samples from the most oxic core MC9G.
A further similarity between Cu and Ni is that both metals exhibit substantial authigenic con-tributions to bulk concentrations in sediments of the Peru Margin, as already highlighted by Böning et al. [58] . In particular, these authors emphasize the need for an appropriate detrital correction in order to adequately estimate the authigenic portion of these metals. The traditional approach, and that adopted here, is to use Al concentrations to track detrital input, as this metal is abundant in silicate minerals but present at low concentrations in seawater [59] . Thus:
Traditionally, a value of average shale or UCC is taken for the Cu/Al detrital ratio. However, Böning et al. [58] found that this overestimates detrital contributions to the Cu and Ni inventories of upwelling margin sediment, and proposed an alternative approach. On a Cu/Al vs. TOC plot the y-intercept of the linear correlation between these two parameters should indicate the local and more appropriate detrital background, provided that the correlation is good (see Figure 3d for the samples discussed here; [58] ). Böning et al. [58] found a value of detrital Cu/Al = 1.8 × 10 −4 g/g for sediments from the Peru Margin. Given the much greater data and spatial coverage than available here, we use this value of 1.8 × 10 −4 g/g. The detrital correction will also affect the δ 65 Cu of the sample, given that the detrital input will contribute a detrital isotope signature to the bulk composition of the sediment. The associated authigenic isotope composition is then obtained from:
where f authigenic and f detrital are the authigenic and detrital fractions, respectively, and δ 65 Cu bulk , δ 65 Cu detrital , and δ 65 Cu authigenic are the isotope compositions of the bulk, detrital, and authigenic copper, respectively. The detrital δ 65 Cu used here is −0.09% , which is the lightest possible value for the detrital end-member given an average of +0.08 ± 0.17% as the current best estimate available for the UCC [4] , and hence yields the maximum possible correction to the δ 65 Cu. Our choice of detrital δ 65 Cu also involves the assumption that there is no significant difference between the isotopic composition of the local detrital background and that of the average UCC. As illustrated in Figure 7 , the applied detrital correction returns a ∆ 65 Cu authigenic-measured within the long-term reproducibility of the bulk value (±0.07% ) for most samples. The exception is those samples from the most oxic core MC9G. The measured bulk δ 65 Cu data are in line with the authigenic range reported by Little et al. [36] for bulk organic-rich sediments in upwelling margins. The corrected authigenic compositions are mostly heavier than this, but, as just noted, within the long-term reproducibility of the measured bulk values and hence also in agreement with Little et al. [36] within uncertainty.
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As illustrated in Figure 7 , the applied detrital correction returns a ∆ 65 Cuauthigenic-measured within the long-term reproducibility of the bulk value (±0.07‰) for most samples. The exception is those samples from the most oxic core MC9G. The measured bulk 65 Cu data are in line with the authigenic range reported by Little et al. [36] for bulk organic-rich sediments in upwelling margins. The corrected authigenic compositions are mostly heavier than this, but, as just noted, within the long-term reproducibility of the measured bulk values and hence also in agreement with Little et al. [36] within uncertainty. 65 Cu obtained after detrital correction using Cu/Al of 1.8 × 10 −4 g/g (empty symbols, labelled as "corr." in the legend). The filled symbols, connected to each corrected datum with a vertical line, show the original bulk data with no correction (labelled as "raw" in the legend). The blue band indicates the current best estimate of the Cu isotope composition of the modern deep ocean (>800 m depth; 0.66 ± 0.08‰; [4] ) whereas the grey band indicates that for the upper continental crust (UCC; [4] ).
Copper and its Isotopes in Bulk Ancient Shales
Extraction of an authigenic signature from bulk copper isotope compositions to understand seawater composition and related processes back in time, also requires a detrital correction. However, in this case, the precise local detrital background is not available. The conventional approach is to use average crustal Cu/Al ratios. Figure 8 shows the results of such an approach for all samples with authigenic > 0.2, using Equations (2) and (3) above, with 65 Cudetrital = +0.08‰ and Cu/Aldetrital of 1.0 × 10 −3 g/g for the Archean and of 3.1 × 10 −4 g/g for post-Archean samples [60] . The resultant bulk authigenic 65 Cu values are shifted from the measured bulk 65 Cu beyond the long-term analytical reproducibility in cases when fauthigenic is less than 0.60 or the measured 65 Cu is not itself within the detrital range (+0.08 ± 0.17‰).
The detrital Cu/Al ratio used above for the Archean is significantly greater than that used for modern Peru Margin sediments and for post-Archean samples, and some samples have a Cu/Al ratio that is less than this value. This high value has been suggested to result from low atmospheric oxygen concentrations [6] , so that the detrital fraction contains un-weathered Cu-rich sulphides derived from crustal rocks. Chi Fru et al. [6] , who present a record of 65 Cu for bulk shales ranging in Figure 7 . Peru Margin bulk authigenic δ 65 Cu obtained after detrital correction using Cu/Al of 1.8 × 10 −4 g/g (empty symbols, labelled as "corr." in the legend). The filled symbols, connected to each corrected datum with a vertical line, show the original bulk data with no correction (labelled as "raw" in the legend). The blue band indicates the current best estimate of the Cu isotope composition of the modern deep ocean (>800 m depth; 0.66 ± 0.08% ; [4] ) whereas the grey band indicates that for the upper continental crust (UCC; [4] ).
Extraction of an authigenic signature from bulk copper isotope compositions to understand seawater composition and related processes back in time, also requires a detrital correction. However, in this case, the precise local detrital background is not available. The conventional approach is to use average crustal Cu/Al ratios. Figure 8 shows the results of such an approach for all samples with f authigenic > 0.2, using Equations (2) and (3) above, with δ 65 Cu detrital = +0.08% and Cu/Al detrital of 1.0 × 10 −3 g/g for the Archean and of 3.1 × 10 −4 g/g for post-Archean samples [60] . The resultant bulk authigenic δ 65 Cu values are shifted from the measured bulk δ 65 Cu beyond the long-term analytical reproducibility in cases when f authigenic is less than 0.60 or the measured δ 65 Cu is not itself within the detrital range (+0.08 ± 0.17% ).
The detrital Cu/Al ratio used above for the Archean is significantly greater than that used for modern Peru Margin sediments and for post-Archean samples, and some samples have a Cu/Al ratio that is less than this value. This high value has been suggested to result from low atmospheric oxygen concentrations [6] , so that the detrital fraction contains un-weathered Cu-rich sulphides derived from crustal rocks. Chi Fru et al. [6] , who present a record of δ 65 Cu for bulk shales ranging in age between 2.66 and 2.08 Ga do not present Al data, but their samples have much higher bulk Cu concentrations than those analysed here (90-2000 ppm versus 1-350 ppm here, with only 8 values higher than 100 ppm), so that their use of the bulk Cu isotope compositions without any detrital correction is probably justified. For example, samples in the dataset under consideration here that have Cu concentrations in excess of 90 ppm all require small, though significant, detrital corrections. For the dataset presented here, most samples containing appreciable authigenic Cu show bulk Cu that is similar to or heavier than the UCC average. 65 Cu and bulk authigenic 65 Cu values for all samples with authigenic > 0.2, using 65 Cudetrital = +0.08 ‰ and Cu/Al of 1.0 × 10 −3 g/g for the Archean and of 3.1 × 10 −4 g/g for post-Archean samples [61] . The filled symbols, connected to each corrected datum (empty symbol) with a green vertical line, show the original bulk data with no correction. The individual bulk 65 Cu data from shales analysed by Chi Fru et al. [6] are also plotted for comparison. The blue band indicates the current best estimate of the Cu isotope composition of the modern deep ocean (>800m depth; 0.66 ± 0.08‰; [4] ) whereas the grey band indicates that for the upper continental crust (UCC; [4] ).
The above considerations highlight the challenge in the determination and interpretation of a bulk authigenic signature from ancient samples, especially samples with small fractions of authigenic Cu. Figure 8 , however, and in particular with the Chi Fru et al. [6] data, hints at some interesting features. Though data are scarce, none of the pre-Great Oxidation Event (GOE) samples contain Cu with an isotope composition above the average UCC. On the other hand, none of the data presented here show evidence for isotope compositions below it either. Chi Fru et al. [6] suggest that the negative values in their dataset may record preferential removal of the heavy isotope into Fe-oxides, a process that waned following the GOE. The data presented here are more consistent with a simple supply of crustal Cu to the oceans, and no isotope fractionation within them. However, it is acknowledged that more definitive statements require more data in this critical time interval. Subsequent to the GOE, Cu isotope compositions recorded by black shales are almost universally heavier than the UCC, with the bulk and authigenic values presented here often bracketing modern seawater. The increase during the interval just before and after the GOE mirrors that found by Chi Fru et al. [6] but is systematically displaced to slightly higher values overall. Again, data are scarce at this early stage, but the exception to these generally high 65 Cu values occurs in the interval 570-520 Ma, after which there are more very high values in samples associated with the Hirnantian Glaciation at about 444-446 Ma. The dataset is much too small to do more than hint at this stage, but it is intriguing that this step occurs close in time to the Neoproterozoic [6] are also plotted for comparison. The blue band indicates the current best estimate of the Cu isotope composition of the modern deep ocean (>800m depth; 0.66 ± 0.08% ; [4] ) whereas the grey band indicates that for the upper continental crust (UCC; [4] ).
The above considerations highlight the challenge in the determination and interpretation of a bulk authigenic signature from ancient samples, especially samples with small fractions of authigenic Cu. Figure 8 , however, and in particular with the Chi Fru et al. [6] data, hints at some interesting features. Though data are scarce, none of the pre-Great Oxidation Event (GOE) samples contain Cu with an isotope composition above the average UCC. On the other hand, none of the data presented here show evidence for isotope compositions below it either. Chi Fru et al. [6] suggest that the negative values in their dataset may record preferential removal of the heavy isotope into Fe-oxides, a process that waned following the GOE. The data presented here are more consistent with a simple supply of crustal Cu to the oceans, and no isotope fractionation within them. However, it is acknowledged that more definitive statements require more data in this critical time interval. Subsequent to the GOE, Cu isotope compositions recorded by black shales are almost universally heavier than the UCC, with the bulk and authigenic values presented here often bracketing modern seawater. The increase during the interval just before and after the GOE mirrors that found by Chi Fru et al. [6] but is systematically displaced to slightly higher values overall. Again, data are scarce at this early stage, but the exception to these generally high δ 65 Cu values occurs in the interval 570-520 Ma, after which there are more very high values in samples associated with the Hirnantian Glaciation at about 444-446 Ma. The dataset is much too small to do more than hint at this stage, but it is intriguing that this step occurs close in time to the Neoproterozoic Oxidation Event (NOE; [61] ), while the excursion in δ 65 Cu at 444-446 Ma coincides with the recently proposed Paleozoic Oxygenation Event (POE; [62] ).
Copper in the OPF of Ancient Shales: Not Only Sulphidation
The ancient samples analysed here are distinguished from the modern Peru Margin samples in having much more variable δ 65 Cu for the OPF, between −0.90 to +1.34% . A second observation is that for most of the geological record samples <20% of the bulk Cu is contained in the OPF, whereas for most Peru Margin samples >50% of the bulk copper is in the organic and pyrite fraction (Table 1;  Table 2 ). There is also no clear correlation between Cu abundance and TOC for the ancient samples ( Figure 9 ). Though this is the first attempt at isolating the organic-pyrite fraction for Cu analysis for any sediments, the Peru Margin organic-rich sediments are similar to other sediments from upwelling margins around the modern ocean with respect to their trace metal characteristics (e.g., [36] ), including the Cu-TOC correlation.
A first question to arise is whether the lower Cu proportions in the OPF of the older samples, and potentially also the associated isotopic signatures, are the result of Cu mobility during diagenesis or whether they represent a primary feature. These two possibilities are considered below.
Geosciences 2019, 9, Oxidation Event (NOE; [61] ), while the excursion in 65 Cu at 444-446 Ma coincides with the recently proposed Paleozoic Oxygenation Event (POE; [62] ).
The ancient samples analysed here are distinguished from the modern Peru Margin samples in having much more variable 65 Cu for the OPF, between −0.90 to +1.34‰. A second observation is that for most of the geological record samples <20% of the bulk Cu is contained in the OPF, whereas for most Peru Margin samples >50% of the bulk copper is in the organic and pyrite fraction (Table 1; Table  2 ). There is also no clear correlation between Cu abundance and TOC for the ancient samples ( Figure  9 ). Though this is the first attempt at isolating the organic-pyrite fraction for Cu analysis for any sediments, the Peru Margin organic-rich sediments are similar to other sediments from upwelling margins around the modern ocean with respect to their trace metal characteristics (e.g., [36] ), including the Cu-TOC correlation.
A first question to arise is whether the lower Cu proportions in the OPF of the older samples, and potentially also the associated isotopic signatures, are the result of Cu mobility during diagenesis or whether they represent a primary feature. These two possibilities are considered below. Figure 10a displays the relationship between Cu abundance and isotope composition in the OPF. The striking feature is that almost all of the ancient samples show lower absolute abundances of Cu in the OPF relative to those from the Peru Margin. Moreover, and in contrast to the trend followed by Peru Margin samples in Figure 4 , there is no clear relationship between Cu concentrations and their isotopes in the case of the older samples. The lack of a relationship between Cu abundances and the 65 Cu of these organic-pyrite fractions, suggests that the Cu isotope composition of ancient organic-rich sediments was likely controlled by different processes than those proposed for the modern Peru Margin. Figure 10b compares the 65 Cu of these fractions to the proportion of bulk Cu in the OPF. Again, the lower proportion of the bulk Cu contained in the OPF of the ancient samples relative to the Peru Margin is striking. In addition, only five samples, Paleoproterozoic and Archean in age, fall close to the trend defined by Peru Margin sediments, with a 65 Cu that becomes lighter as the proportion of bulk Cu in the OPF decreases. All other geological record samples present proportions of bulk Cu in the OPF below 20%, are shifted towards heavier 65 Cu, and do not fall on the proposed sulphidation trend of modern Peru Margin sediments. This Figure 10a displays the relationship between Cu abundance and isotope composition in the OPF. The striking feature is that almost all of the ancient samples show lower absolute abundances of Cu in the OPF relative to those from the Peru Margin. Moreover, and in contrast to the trend followed by Peru Margin samples in Figure 4 , there is no clear relationship between Cu concentrations and their isotopes in the case of the older samples. The lack of a relationship between Cu abundances and the δ 65 Cu of these organic-pyrite fractions, suggests that the Cu isotope composition of ancient organic-rich sediments was likely controlled by different processes than those proposed for the modern Peru Margin. Figure 10b compares the δ 65 Cu of these fractions to the proportion of bulk Cu in the OPF. Again, the lower proportion of the bulk Cu contained in the OPF of the ancient samples relative to the Peru Margin is striking. In addition, only five samples, Paleoproterozoic and Archean in age, fall close to the trend defined by Peru Margin sediments, with a δ 65 Cu that becomes lighter as the proportion of bulk Cu in the OPF decreases. All other geological record samples present proportions of bulk Cu in the OPF below 20%, are shifted towards heavier δ 65 Cu, and do not fall on the proposed sulphidation trend of modern Peru Margin sediments. This further highlights the likelihood of different controls on the Cu composition of these samples with respect to those deposited in the modern Peru Margin setting.
An obvious difference between the Peru Margin and the ancient samples is that the former are freshly-deposited unconsolidated sediments whereas the latter are rocks that have been through diagenetic processes and low-grade metamorphism. It is possible that these post-sedimentary processes could lead to differences in the location of the bulk Cu inventory that could in turn lead to a different response to the digestion approach used here. For example, Cu and sulphur re-mobilised from small sulphide grains intimately associated with the organic material, as they are in the Peru Margin sediments, could have recrystallized as other phases in the matrix of the rock. It is possible that such phases are more accessible to the HF digestion, whereas in the Peru Margin sediments small sulphide grains, perhaps protected by organic matter, demonstrably survive this treatment. It is difficult to rule out such an explanation for the patterns in Figure 10 . But Cu leached from sulphide will be isotopically heavy [63] , leaving behind a light residual composition. In this case, the fact that the ancient OPF samples are universally heavier than the Peru Margin array might predict, argues against such an interpretation. A slightly more complicated explanation could involve the following two-step process: (1) the incomplete sulphidation of an authigenic pool of Cu associated with organic matter, creating a light (sulphidised) portion and a heavy (residual organic) pool; (2) complete post-sedimentary remobilisation of the sulphide-bound pool, leaving only the residual organic pool in the OPF. Transfer of the sulphide-bound pool to other phases that are HF-extractable would explain the very low Cu contents of the OPF in ancient samples. In this case, however, one would predict a negative relationship between the authigenic δ 65 Cu in the HFD fraction (as light Cu is added to this pool from sulphide in the OPF) and the δ 65 Cu in the OPF, and a positive correlation between the authigenic δ 65 Cu in the HFD fraction and the proportion of Cu in the OPF, but no such correlations exist.
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In fact, it is noteworthy that the bulk authigenic fraction in the post-GOE ancient samples is also heavier than that of the Peru Margin, often much heavier, including samples with high fauthigenic. This lends credence to the other interpretation of these data: that the clear and striking differences between the behaviour of Cu in the ancient samples and those from the modern Peru Margin are indeed primary. If so, the lower proportions of Cu in the OPF, in the context of the interpretation put Figure 6 . The grey arrow also highlights the trend seen in the Peru Margin samples: Increasingly low δ 65 Cu of the OPF as the proportion of Cu in the OPF decreases, earlier hypothesized to result from non-quantitative transfer of Cu to sulphide in the OPF in the more oxic settings whereas this transfer is more complete for the more anoxic settings.
In fact, it is noteworthy that the bulk authigenic fraction in the post-GOE ancient samples is also heavier than that of the Peru Margin, often much heavier, including samples with high f authigenic . This lends credence to the other interpretation of these data: that the clear and striking differences between the behaviour of Cu in the ancient samples and those from the modern Peru Margin are indeed primary. If so, the lower proportions of Cu in the OPF, in the context of the interpretation put forward earlier for the Peru Margin data, would suggest less quantitative transfer of Cu to sulphide for the ancient samples. Such a suggestion would imply lower ratios of authigenic Cu to available sulphide for these samples, an implication that may be consistent both with lower sulphate concentrations in the pre-Cambrian ocean [64] and with higher concentrations of other metals competing for the available sulphide, e.g., Fe. [65] . However, again in the context of the interpretation of the Peru Margin samples, the initial expectation would be that the OPF would become increasingly light as sulphidation became less quantitative. In contrast, nearly all samples on Figure 10b lie above the extension of the trend defined on the basis of the Peru Margin samples.
In principle, the heavier Cu in the ancient samples overall, and the heavier Cu in the OPF than suggested by the interpretation of those from the Peru Margin could have three explanations: (a) a different-variably heavier-Cu isotope composition for ancient seawater; (b) different processes sequestering Cu to particulate material, leading to a variably heavier bulk authigenic fraction; (c) a very different process transferring Cu from the bulk authigenic pool to the OPF, or a different Cu isotope fractionation accompanying it. Any attempt to distinguish between these alternatives must be highly speculative due to a lack of constraints on many key parameters. From what is known about Cu isotope fractionations from experiments, the single process that could result in the acquisition of heavy Cu by authigenic particulates is sorption [25] . In the modern ocean, the heavy Cu isotope composition of seawater is controlled by organic complexation, which likely also determines the fraction of Cu that is available for sorption from the dissolved pool. The complexing ligands almost certainly derive from cyanobacteria [13] and Saito et al. [66] suggest that cyanobacteria only started to release Cu-complexing organic ligands in response to the higher Cu abundance in the oceans that would have resulted from higher oxygen availability and oxidative weathering of sulphide on the continents. Such a suggestion would be consistent with the tentatively identified step-up in the bulk authigenic δ 65 Cu at the GOE-Perhaps implying a heavy seawater reservoir only after the GOE. On the other hand, it is difficult to envisage how this idea could explain the heavy Cu in all the OPF except those for the modern Peru Margin samples. Moreover, Neaman et al. [67] , in their study of Al, P, Cu, and Fe mobility during weathering of black shales, suggest that biologically-secreted organic ligands were already present in soils at 2.76 Ga.
In a scenario with much reduced abundance or absence of organic ligands, or in the presence of significantly weaker ones, the Cu isotope composition of seawater could have been more strongly controlled by redox variations alone. As discussed previously, these can account for very large fractionations [24] . The transition from Cu(II) to Cu(I) for pH 7-8 occurs at redox conditions consistent with the presence of Fe(II) [68] . If the pH of seawater in the past was comparable to that of the modern ocean, then this would suggest that Cu(I) could have been present in the ancient ocean, at least in small amounts. Consequently, due to the fractionations expected from the redox transition between Cu(II) and Cu(I), we can further hypothesize the presence of a small very heavy Cu(II) pool in the ancient ocean due to partial conversion of the total Cu pool to Cu(I). The presence of this small heavier Cu pool would be consistent with point (a) suggested above.
Conclusions
Separate analyses of the organic-pyrite fraction and of the HF-digestible fraction extracted from bulk Peru Margin sediments better characterise the behaviour of Cu and its isotopes in a modern setting with variable redox conditions. The same type of analysis was performed on ancient, mostly organic-rich sediments ranging in age from the Proterozoic to the Archean. The following key findings emerge from a comparison of Cu and its isotopes in different components of a single sample as well as in modern vs. ancient samples:
(1). Cu abundance and total organic carbon (TOC) are positively correlated in modern samples, but not in ancient ones; (2) . the organic-pyrite fraction dominates the total Cu reservoir in modern samples, in most cases containing >50% of the bulk Cu; (3). the HF-digestible fraction dominates the total Cu reservoir in ancient samples, in most cases containing >80% of the bulk Cu;
